Introduction
Electromagnetic interference and irradiation derived from electromagnetic waves have recently become a serious problem with the development of phones, computers and other electronic devices. As a result, microwave absorbing materials have attracted extensive attentions not only for their wide applications in military, industrial and civil elds, but also for their signicant roles in protecting the environment and health of human beings. According to the literature, 1-4 the absorption mechanism of microwave absorbing materials is due to energy conversion, that is, the energy of the incident wave is converted into other forms of energy (e.g. heat energy). This energy conversion can be caused by magnetic loss and dielectric loss of the microwave absorbing material, which are expressed by the complex permeability and complex permittivity, respectively. Many magnetic loss materials and dielectric loss materials have been fabricated and their microwave absorption properties investigated. [5] [6] [7] [8] However, to improve the ability of electromagnetic absorption, an excellent impedance matching of magnetic loss and dielectric loss should be achieved.
The ideal microwave absorbers possess characteristics of low density, thin, wide frequency adsorption band and strong adsorption. Ferrites as the traditional absorbing material have characteristics of strong adsorption, while their applications are limited owe to the high density and narrow absorbing band.
9-12
Incorporating the magnetic-particle into the polymeric and/or carbon-based materials is an efficient method to obtain new absorber with low density and high reection loss. [13] [14] [15] Graphene, as a novel carbon-based material has been widely studied due to its unique merit including high dielectric loss and low density. [16] [17] [18] [19] However, as a nonmagnetic material, the microwave absorption property of graphene is mostly attributed to its dielectric loss, resulting in poor impedance matching.
property in comparison with Co 0. 33 Ni 0.67 alloy. The fabrication and characterization of the RGO/Co 0. 33 Ni 0.67 composites are given and the mechanism of the electromagnetic characteristics of the obtained materials is studied and discussed. 
Experimental

Characterization
Thermal gravimetric analysis (TGA) was carried out under a nitrogen atmosphere using a TA Instruments TGA-Q50 at a heating rate of 20 C min À1 and a purge of 40 mL min À1 . X-ray diffraction (XRD) tests of all samples were recorded using a RINT 2400 vertical goniometer (Rigaku, Japan) with Cu Ka radiation. The morphology of the products was observed by a scanning electron microscopic (SEM, JSM6490LV, Japan). The elemental composition was detected by energy dispersive spectrometer (EDS) spectrum deriving from the SEM. X-ray photoelectron spectroscopic (XPS) was measured on an ESCA 2000 (VG Microtech, UK) using a monochromic Al Ka (hn ¼ 1486.6 eV) X-ray source. Fig. 1(c) Therefore, the test sample shows the characteristic peak of the graphite oxide in the XRD pattern. The TGA and DTG curves of GO are given in the Fig. 1 (d). The rapid weight loss between 180 C and 230 C on the TGA curve is observed, which is attribute to the removal of the oxygen-containing groups on the surface of GO. From the DTG curve, it can be observed that the fastest decomposition rate of GO is at 210 C. Accordingly, GO could be effectively changed back to the reduced graphene oxide by thermal reduction at 210 C.
The XPS analysis is employed to conrm the reduction of GO, as presented in the Fig. 2(a-c) . From the Fig. 2(a) , it is observed that the intensity ratio of the C 1s peak to O 1s peak of RGO is obviously higher than that of the GO, indicating the removal of oxygen-containing functional groups of the GO and the recovery of network structure of the sp 2 carbon (C]C/C-C, C1). In addition, the C 1s XPS spectra for GO and RGO/Co 0. 33 C. Instead of physical blending, the interaction between GO sheets and Co 0. 33 Ni 0.67 is coordination bond, which can be conrmed by FTIR analysis. In the Fig. 2(d Fig. 1(c) ) also conrmed the reduction of GO. 3(c and d) . In addition, for the GO/Co 0. 33 Ni 0.67 composite, it can be found that GO nanoplatelets are closely stacked layer by layer. Whereas a larger space distance is observed between different RGO nanoplatelets in the RGO/Co 0. 33 Ni 0.67 composite, caused by the gas generated during the thermal reduction process.
To investigate the microwave absorption properties of composites, the frequency dependence relative complex permittivity (3 r ¼ 3 0 À j3 00 ) and relative complex permeability (m r ¼ m 0 À jm 00 ) of the Co 0. 33 Ni 0.67 and RGO/Co 0. 33 Ni 0.67 composites was measured and results are shown in Fig. 4(a-d) . Generally, the storage capacity of electromagnetic energy can be expressed by the real permittivity (3 0 ) and real permeability (m 0 ), whereas the energy dissipation and magnetic loss are associated to the imaginary permittivity (3 00 ) and imaginary permeability (m 00 ), respectively. As shown in Fig. 4(a This can be explained by the free electron theory,
where f is the frequency of the electromagnetic wave, r is the resistivity and 3 o is the permittivity of the free space. [28] [29] [30] Owing to the presence of RGO with high conductivity, a conducting network is formed in the RGO/Co 0. 33 Ni 0.67 composites, resulting in the reduction of the resistivity and then the 3 00 value increases. The improved complex permittivity of the RGO/ Co 0. 33 Ni 0.67 composites is expected to enhance the microwave absorption property of composite. As presented in Fig. 4(c) , the m 0 values of the RGO/Co 0. 33 Ni 0.67 composites are higher in the low frequency region (0.5 GHz to 11.0 GHz) and are lower in the high frequency region (11.0 GHz to 18.0 GHz) in comparison with that of the pure Co 0. 33 Ni 0.67 . The m 00 curves of all samples are given in Fig. 4(d 
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The dielectric loss usually derives from nature resonance, electronic polarization and electronic conductivity. 26, 33 For the RGO/Co 0. 33 Ni 0.67 composites, the Co 0. 33 Ni 0.67 and residual defects and groups of the RGO act as polarized scattering center which can absorb the electromagnetic energy. 33 As discussed above, according to the free electron theory, in the enhancement of the dielectric loss, which is in favor of the improvement of electromagnetic absorption performance. Furthermore, the improved dielectric loss is also attributed to the 2D RGO nanosheets which can form a conducting network for dispersing charges since the 2D RGO nanosheets have the huge aspect ratio, layered structure and high conductivity.
15
The magnetic loss roots in the nature resonance loss, the eddy current effect and anisotropic energy. 21, 23, 31, 34 Since the Co 0. 33 Ni 0.67 is a ferromagnetic material, for the RGO/Co 0. 33 Ni 0.67 composites, the eddy current effect may be a signicant factor to inuence the microwave absorption property in the high frequency region. The eddy current loss can be express by the following equation: 
where s is the electrical conductivity and m 0 is the permeability in a vacuum. If the magnetic loss is caused by the eddy current loss, the C 0 value is equal to constant value as the change of frequency. 35 The C 0 -f curves for all samples are given in Fig. 5 . It can be seen that the C 0 value of the pure Co 0. 33 Ni 0.67 is reduced with the increase of frequency, whereas the C 0 values of the RGO/Co 0. 33 Ni 0.67 composites are almost constant in the frequency range of X to Ku band (8 GHz to 18 GHz), especially for the RGO/Co 0. 33 Ni 0.67 -2/1 composite. These results reveal that the pure Co 0. 33 Ni 0.67 does not show obvious eddy current loss over the whole frequency range while the RGO/Co 0. 33 Ni 0.67 composites have an effective eddy current loss in the wide frequency range (8.0 to 18.0 GHz). Thus, the magnetic loss of the RGO/Co 0. 33 Ni 0.67 composites is mainly caused by the eddy current effect in the range of 8.0 GHz to 18.0 GHz. Moreover, the anisotropic energy (H a ) is another factor that results in the magnetic loss. The H a value can be calculated by the following equation:
where |K 1 | and M S are the anisotropy coefficient and the saturation magnetization, respectively. The M S value of the RGO/ Co 0. 33 Ni 0.67 composites are much lower than that of the pure Co 0. 33 Ni 0.67 , so the H a value of the RGO/Co 0. 33 Ni 0.67 composites are higher than that of the Co 0. 33 Ni 0.67 . The higher anisotropic energy is more benecial to the enhancement of the microwave absorption property.
36,37
Based on the transmit-line theory and the measured data of the relative complex permittivity and permeability, the microwave absorption property of the composites were investigated and the reection loss (RL) of the electromagnetic wave was calculated by the following equation:
where Z in and Z 0 are the input impedance of absorber and the impedance of air, respectively. The m r and 3 r are the relative complex permeability and permittivity, respectively, and f is the frequency of the electromagnetic wave, d is the thickness of the absorbent and c is the velocity of light in vacuum.
Generally, the microwave absorption performance of materials can be evaluated by the reection loss (RL) value. The RL values less than À10 dB and À20 dB imply more than 90.0% and 99.0% microwave absorption, respectively. In addition, the absorption bandwidth (below À20.0 dB) of the RGO/Co 0. 33 Ni 0.67 -2/1 composite is up to 9.8 GHz from 8.2 to 18.0 GHz with the matching thicknesses of 3.2-1.7 mm. It can be concluded that the RGO/Co 0. 33 Ni 0.67 composites possessed wider absorption bandwidth for the reection loss below À10.0 dB in the range of C to Ku band (4.0-18.0 GHz), which makes it possible for application in civil devices, military radar and direct broadcast satellite. 38 Moreover, the absorption band under À10.0 dB is analogous to the curve of the quarterwavelength matching model which expounds the relationship between the matching thickness (t m ) and the peak frequency (f m ) and can further explain possible mechanism resulting in the improvement of the microwave absorption performance.
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The model can be expressed by the following equation:
where |m r | and |3 r | are the modulus of the relative complex permeability and permittivity at f m , respectively. On basis of the quarter-wavelength matching model, the reected wave derived from the upper interface (the air-absorber) and the bottom interface (the absorber-metal plate) have inverse phase angle of 180 , giving rise to the cancellation of each other at the upper interface. The RL curves as a function of frequency for the RGO/ Co 0. 33 Ni 0.67 -2/1 composite with different matching thicknesses is shown in Fig. 7(a) . According to the quarter-wavelength (l/4) matching equation, a simulation curve of the matching thickness versus peak frequency is described in Fig. 7(b) . In Fig. 7(a) , the matching thickness versus frequency of the maximum absorption peak can be found on the simulation curve in Fig. 7(b) , indicating that the experimental thickness and test frequency agree well with those of simulation curve. Moreover, it can be found that the absorption bandwidth below À10 dB covers the whole Ku band at a thickness of 2.0 mm. It can also be speculated that when the thickness of the absorber is under 1.5 mm, the peak frequency surpasses 18.0 GHz, revealing that the RGO/Co 0. 33 Ni 0.67 composites can be used at higher frequency and possess a thinner thickness.
Conclusions
In conclusion, the RGO/Co 0. 33 Ni 0.67 composites with ordered sandwich-like structure were synthesized by a simple one-pot solvent-thermal method and thermal reduction process at 210 C. The prepared RGO/Co 0. 33 Ni 0.67 composites exhibited excellent microwave absorption properties. Particularly, for the RGO/Co 0. 33 Ni 0.67 -2/1 composite, the maximum reection loss is up to À50 dB at a thickness of only 1.8 mm, the absorption bandwidths for reection loss below À10 dB and À20 dB reach up to 14.0 GHz (from 4.0 to 18.0 GHz) and 9.8 GHz (from 8.2 to 18.0 GHz) with the matching thicknesses of 5.0-1.4 mm and 3.2-1.7 mm, respectively. Due to the effective adjustment between dielectric loss and magnetic loss, the incident wave can be absorbed and dissipated efficiently, resulting in the enhancement of microwave absorption properties of RGO/Co 0. 33 Ni 0.67 composites. The dielectric loss is attributed to two aspects: (1) the 2D RGO nanosheets with the huge aspect ratio, layered structure and high conductivity; (2) the residual defects and groups attached to RGO as polarized scattering center. Magnetic loss results from the nature resonance loss, the eddy current effect and anisotropic energy. Based on above statement, a possible electromagnetic wave absorption mechanism of the RGO/Co 0. 33 Ni 0.67 composites is shown in Scheme 1. In this paper, the prepared RGO/ Co 0. 33 Ni 0.67 composites possess light weight, strong reection loss, and broadband absorption, which makes it possible for practical applications as high-performance microwave absorbers.
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